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ABSTRACT

To check (1) the validity of the fallout protection factor calculations
for residential structures given in British Home Office and U.S. OCD
Engineering Manuals and (2) the validity of radiation scale modeling, the
United States and the United Kingdom in a joint effort tested one full-scale
typical residence (100 psf exterior walls) and two models thereof (50 and
100 psf exterior walls). Each house was tested empty and with various
shelter configurations installed. Fallout contamination was simulated by
pumping a multicurie encapsulated cobalt-60 source through plastic tubing
surrounding the houses. The United States calculations agree with
measured dose rates inthe 50-psf wall house, while British calculations
are slightly lower. Agreement between dose rates measured in the 100-
psf wall full-scale and model houses was good at locations away from
apertures. Full-scale and model experimental results are generally con-
sistent with both British and U.S. calcuvlations, which show a rectangular
shelter to offer maximum protection.
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CHAPTER 1

INTRODUCTION

Early in 1962, the Office of Civil Defense (OCD) was approached by the British
Home Office (HO) to cooperate in conducting model and full-scale tests to verify the
procedure for the computation of fallout protection offered by residential structures
containing emergency shelters. The British calculational procedure was based
partly on theoretical work and partly on test data on the attenuation of gamma radi-
ation by various types of building material. Since the results of the proposed tests
offered an opportunity for further evaluation of the U.S. modeling technique applied
to radiation shielding, OCD responded to the British request and the joint effort
was undertaken.

The joint effort consisted of three series of tests:

Test Exterior Wall Dates
Series Thickness (psf) {1963)
Model 50 March 18 - April 4
Full Scale 100 May 9 - June 1
Model 100 August 19 - September 6

The model and full-scale structures were tested empty and with various shelter
configurations installed. Fallout contamination was simulated by pumping a cobalt-
60 source through plastic tubing surrounding the structures. In this report, the
results of tests on both the model and full-scale structures are compared with pre-
dictions given by British and by U.S. calculational procedures.

This report is primarily concerned with the results of U.S. measurements on
the model structures, but it also gives data obtained in the initial phase of the U.K.
full-scale tests at which two U.S. representatives (E. T. Clarke and J. F. Batter)
agssisted. Further measurements were carried out by the U.K. team later in the
summer, details of which are being reported elsewhere.1 Some preliminary re-
sults of these measurements are included here to aid in the overall comparison of
the U.S. - U.K. findings.




CHAPTER 2
DESCRIPTION OF EXPERIMENT

THE MODELING TECHNIQUE

Theoretically, the radiation-dose distribution inside a structure due to hard
gamma rays from radiation sources located outside the structure will be repro-
duced in a geometrically similar scale model if the densities of all materials.
comprising the structure, the surrounding ground, and the atmosphere are in-
creared by the geometric scale factor. In practice, however, the problem of
increasing densities by a factor large enough to be useful in reducing building di-
mensions makes it difficult to achieve the ideal. Steel was substituted for the
masonry and other building materials of the full-scale structure to increase the
density of the structural material without radically changing the atomic number
and the corresponding cross sections of the materials. This gives an increase of
approximately 3 in density compared with the required factor of about 12. The re-
maining factor of 4 was obtained by increasing the relative thickness of the walls,
prior modeling experiments having shown that realistic dose rates can be obtained
throughout a model if the wall and partition thicknesses do not exceed 10% of average

dimensions of a given room.

Since it is impractical to scale the density of the atmosphere surrounding the
model, skyshine was not properly reproduced in the experiment. However, since
skyshine comprises a maximum of 10% of the dose rate for a zero thickness building
and attenuates more rapidly than direct or structure-scattered radiation, the error
due to neglect of skyshine should be no greater than this value.

The incomplete scaling of densities raises the additional problem of radiation
penetrating the ground and entering the structure through its ground floor. To
eliminate this mode of penetration, the model structure was placed on a 2-in.-thick
lead slab covered with a 1/2-in.-thick iron plate. The lead reduces the radiation
emerging from the ground floor due to gamma rays entering the ground surrounding
the model and scattering upward through the base of the model. The iron plate
allows radiation entering the structure above ground to rescatter within the struc-
ture in a manner similar to that in the full-scale building.
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EXPERIMENTAL BUILDINGS
FULL-SCALE STRUCTURE

The structure selected for full-scale test was one located at the U.K.'s Civil
Defense Training Center at Falfield, where a mock-up village had been erected
primarily for CD rescue exercises. The building not only was representative of
British urban coastruction, but also was situated in an area where experimeata-
tion with highly radioactive sources could be safely conducted. It consisted of a
standard two-story duplex (two-family) building (Figures 1-5) with 50 psf masonry
interior walls; the exterior walls, originally also 50 psf solid concrete block, had
been thickened to 100 psaf by addition of a course of brick on the inside surfaces.
By error the model of this test structure was first constructed with 50 psf ex-
terior and interior walls. This error was not discovered until the full series of
tests had been run on the model structure. Thus the first series of model data
presented refers to a model with all walls of 50 psf, while the second series was
obtained from the model with 100 psf exterior walls.

Pigure 1. Diagram of Full-Scale Test House with Rooftop Tubing
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Figure 2. Diagram of Full-Scale Test Structure Showing Dimensions
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Figure 5. Interior of the Full-Scale Test House With Insttumentationr !nsta.lled

MODEL STRUCTURE

The 12:1 scale-model experiments on this building were made at the OCD
Modeling Facility at Technical Operations Research in Burlington, Massachusetts. 2
The model house was located in the center of the asphalt test area, as shown in Fig-
ure 8, together with dummy models of the neighboring houses. Since the ground
about the full-scale structure sloped gently upward toward the east behind the house,
a foundation was constructed to take this slope into consideration. The 50 pef model
was thus tilted 8° to simulate the full-scale house built on an 8° sloping lot. A1/2-
in.-thick steel plate was laid in a sand-filled depression, over which a steel-covered
2-in. ~thick lead plate was placed to minimize the radiation penetrating the ground
and scattering up into the model. Figure 7 shows the model as it was constructed

for the second series of tests; it is a view of the actual test building with the upper
floor and roof removed.

[ R P v

i A




! <-'3 . M

13 B nbic = raey

FLS P RES

-9 N A O A

Figure 6. Interior View of Model Test Area

The second series of tests on the model with the 100 psf exterior walls was
performed with the tilt reduced to 4°, since the ground to the rear of the full-
scale structure had been found to be actually only 18 in. above grade at the rear
wall and the smaller angle would better represent the true situation.

Both models were scaled at a 12:1 ratio and constructed from hot rolled steel
plates. The exterior walls and interior partitions of the first model were made
1-.1/4—ln. (50 psf) thick to duplicate the mass thickness of the original building.
The second model was then obtained by adding 1-1/4 in. (50 psf) to the external
walls and centez; partition of the north half of the model on the first floor. All
second floor walls were identical with those located on the first floor except the
additional 50 psf skin was not added. The second floor and roof were constructed
separately to make them easily removable for access to the detectors. It was
found that the average gross density of the surrounding houses was approximately
that of concrete and hence could be modeled by solid concrete blocks stacked to
the appropriate size. Figure 8 represents the complete test area.
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Figure 7. First Floor of Model Showing Dosimeter Locations
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SHELTERS

Four "core" shelter designs were installed for attenuation measurements in
both the full-scale and model structures. These designs were:

1. A simple lean-to shelter consisting of two ordinary doors (size
6 ft 6 in. x 2 ft 8 in.) leaning against the east wall of the sitting
room at an angle of 60° to the ground. Sandbags 4 in. thick
(Case 3) were piled on these supports giving a mass thickness for the
shelter of 65 psf. The model shelter was machined from
1-5/8-in. thick steel plate. Figure 9 shows the arrangement
of this shelter in the model building.

2. A 65 psf A-frame shelter consisting of four doors at angles of

60° to the floor with sandbags piled against them. This shelter

(Cases 4, 5) as shown in Figure 10 was positioned in the center of the sitting
room and was tested both with the shelter ends open and with
65 psf north end baffle. Figure 10 shows the model with

1-5/8-in. thick steel A-frame shelter and baffle.

3. A rectangular shelter constructed of sandbag walls and roof
erected in the center of the sitting room. The roof was sup-
ported by two 2 ft 8 in. x 6 ft 6 in. doors. Four rectangular
shelter designs were tested both in the model and full-scale
structure:

(Case 6) a. 120 psf walls, 25 psf roof (3-in. walls, 5/8-in. roof)

(Case 7) b. 120 psf walls, 50 psf roof (3-in. walls, 1-1/4-in. roof)
(Case 8) c. 75 psf walls, 35 psf roof (1-7/8-in. walls, 7/8-in. roof)
(Case 9) d. 75 psf walls, 70 psf roof (1-7/8-in. walls, 1-3/4~in. roof).

A photograph of one of the full-scale shelters is shown in
Figure 4; Figure 11 illustrates the test arrangement.
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Figure 10. Diagram of Model Structure With A-Frame Shelter
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(Case 10)

(Case 11)

(Case 12)

(Case 13)

thick steel plate.

An under-the-stairs shelter with the following arrangements
of sandbags (Figure 12):

a.

For the model under-the-stairs shelter, the roof mass thickness was
simulated with 1-5/8 in. of steel and the 76 psf wall sandbagging with 1-7/8-in.-

With the stairs and top landing sandbagged to a mass
thickness of 64 psf

As in (a) but with the north wall of the building sand-
bagged to 76 psf adjacent to the sheiter

As in (b) above but with passage wall (south wall of the
shelter) sandbagged to 76 psf except for a 2-ft-wide
shelter entrance

As in (c) above but with east shelter wall also sand-
bagged to 76 psf.

SIMULATION OF FALLOUT-CONTAMINATED AREAS

MODEL STRUCTURE

A uniform density of contamination surrounding the model house was simulated
by pumping a 20-curie cobalt-60 source through properly arranged polyethylene
tubing. Tubing was placed around the model in a spiral configuration with a 6-in.
spacing. The spiral started 2 ft from the center of the model and extended to a
radius of 10 ft representing a limited field of 120 ft diameter full scale. The source
was pumped at a uniform velocity through the tubing, thus spending an equal amount
of time in each square foot of the simulated area. Integrating radiation detectors
used within the model accumulated the radiation effects from each increment of the
tubing as the source passed through it. The dose accumulated at the end of an ex-
posure was thus essentially equivalent to that which would have been received if the

source were uniformly smeared over the entire simulated area.
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Since it was not poasible to place the tubing uniformly about the five duplex
houses neighboring the test model (because of the minimum required bend radius
of the tubing), the tubing was placed uniformly over the area with the surrounding
houses removed. One-half in. thick steel plates were then laid between each row

of tubing where the structures were to be located and the structures (represented
by appropriately sized stacks of solid concrete block) placed upon these spacers.
It was judged that the attenuation afforded by the structure while the source
traveled under it was great enough to represent the real case of no fallout on the
ground under the surrounding structures. Preliminary measurements with a
detector at the center of the test house indicated a drop in radiation intensity by
a factor of about 25 when the source passed under the "dummy" houses.

In addition to the inner test area a source ring 20 ft in radius was placed
around the 50 psf test model to obtain data necessary for analytically estimating
far-field dose rate effects. For the 100 psf model, the ring source radius was
reduced to 10 ft since the full-scale tests had been conducted with a ring at
120 ft radius.

FULL-SCALE STRUCTURE

The experiments on the full-scale structure were performed with simulated
areas of fallout contamination similar to those used in the model tests. However,
in the full-scale structure the contamination was simulated up to the building walls
(it was not possible to simulate contamination at locations very near the structure
walls in the model because of the minimum-bend radius of the tubing); also, the
contaminated area to a radius of 120 ft from the center of the structure was divided
into an inner annulus with 4-ft tube spacing extending from the structure to a radius
of 80 ft, and a2n outer annulus from 80 to 120 ft radius with 10-ft tube spacing.

RADIATION SOURCE CIRCULATION SYSTEM

Figure 13 shows the schematic diagram of the pumped source system used in
both the model and full-scale tests to circulate the source through the polyethylene
tubing of the simulated source fields. The output of the metering pumps forces the
source assembly out of its container, through the area spread or ring of tubing at
constant velocity, and back to the container. These pumps are valved in parallel
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Figure 13. Diagram of Source Circulation System

to provide a versatile range of source velocities. A 3-way solenoid valve wired
for remote operation permits either bypassing the pump output directly to the

reservoir or diverting the flow to the source storage container and subsequently
into the area spread of tubing. The gear pump is used for initially filling tubing
with water and for rapid source movement where accurate velocity control is not

required.

Each source assembly pumped through the polyethylene tubing consisted of an
encapsulated cobalt-60 source attached by a stainless steel flexible leader to a
piston with a leather hydraulic seal. The 20-curie cobalt-60 source used for the
model experiments was pumped through 0.267-in. I.D. polyethylene tubing; the
93-curie source capsule used for the full-scale tests required 3/8-in. I.D. tubing.

Each 20-curie and 93-curie source storage container consisted of a lead-filled
steel shell with two stainless steel tubes of the same internal diameter as the
matching polyethylene tubing. These tubes were formed with a radius to prevent




gamma ray streaming from the container and were equipped with special fittings

to hold the source in a safe position within the container, to positively stop the z
source within the container on its return from the source field, and to enable the

operator to easily hook up the pumping system and source area spread to the

source container.

INSTRUMENTATION AND DOSIMETER CALIBRATION

The majority of the measurements in both the 50 and 100 psf model structures

bd

were made with Landsverk 2-roentgen L-81 dosimeters. These dosimeters were
used wherever possible because of their relatively small size—1-5/8-in. long by
1/2-in. in diameter. Each instrument thus represented a cylinder 6 in. in diameter
and 20 in. long in the full-scale structure. These instruments were read and

L T

charged using the compact portable dosimeter reader-charger instruments devel-
oped by Technical Operations, Inc. for field experimentation.a’4 The principle of

operation of this unit is to measure the charge required to restore the voltage across T
the ionization chamber terminals to its original value. The actual reading, propor- T
tional to the total electronic charge, must then be calibrated in terms of roentgens. -
The chamber-reader-charger combination was calibrated by measuring known doses

from a cobalt-60 source standardized by the National Bureau of Standards. This Tl
was done on an essentially massless calibration range using source-to-detector -

distances less than one-fourth of the source and detector~to-ground distances to
keep ground scattering effects to less than 1% of free air value.5 The L-81 dosim-
eters were found to have a rather large amount of scatter in repeated identical
experiments. Detectors were thus hand-selected for matched calibration charac-

e e s o

teristics to give dose rate characteristics with 5% full-scale accuracy.

The doses accumulated at the test locations in the full-scale British house were
measured in a fashion similar to that used in the model tests. The detectors used,

however, were self-reading dosimeters of three ranges: 0-20 mr, 0-200 mr, and

j-dq ¢uE) WNR O

0-5 r. Since only two of the 0~-20 mr chambers were available, their use was
restricted to the most sheltered positions in each experiment. The 0-200 mr de-
tectors were placed in all other positions (all positions were identical with those in
the model structure) except where it was believed they would go off scale. In these
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few positions, 0-5 r detectors were used. Readings were obtained from these

detectors by charging them to approximately zero dose, recording this zero
reading, and subtracting it from the first reading at the conclusion of the exposure.

Each of the detectors used was calibrated by the U.K. AERE at Harwell. There
was no opportunity during the full-scale trials to calibrate these detectors for direct
comparison with the detectors used for the model studies. A secondary calibration
was obtained by placing the 93-curie test source on the ground at a distance of 40
and 50 ft from detectors at 1-, 3-, and 6-ft heights, and combining these measure-
ments with the known properties of the air-ground buildup fact:or.6 A total of
twenty-four data points were accumulated in this geometry. Analysis of these data
showed the indicated doses averaged 1.05 times the calculated doses, with over
80% of the data falling within + 3% of this value. This discrepancy between instru-
ments calibrated at Harwell and doses produced by a National Bureau of Standards
calibrated source is at present unexplained, Since this discrepancy is small and
within the estimated error for the entire experiment, it is neglected in the presen-
tation of full-scale results in the experimental section, i.e., the British dosimeters

were assumed ‘o be identical in response with those used in the model tests.
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CHAPTER 3 f

EXPERIMENTAL DATA l

The structure selected for experimentation by the British Home Office as
typical of those in Great Britain was a duplex residential structure, symmetrical
to the right and left of the center wall (see Figure 1, p. 3).

Dosimeters were arranged in two vertical planes across the width of the first
floor of one half of the structure, both model and full-scale, as shown in Figures
7 and 14. One series of dosimeters provided horizontal traverses through the

center of the living room and sitting room at heights of 1, 2, and 4 ft above the T
floor. A similar set of horizontal traverses extended across the kitchen and the
stairwell at a full-scale distance of 18 in. from the outside north walls of these .

rooms. Dosimeters for each horizontal traverse were evenly spaced, starting at
6 in. from the east and west walls. All fallout shelters installed in the structure
were centered on one of these two dosimeter planes. The physical size of the
shelters sometimes restricted the actual number of dosimeter positions that could
be used during a particular experiment, especially in the model structures.

MODEL AND FULL-SCALE TEST DATA ST

Experiments on both model and full-scale structures were conducted both with
and without shelters installed. Dose rate measurements were made for the annular
contaminated fields previously described. Also, measurements with the five sur-

within the test building. All dosimeter readings were normalized to a roentgen-

rounding model houses removed were made to determine their effect on dose rates l
%*
per-hour basis from a source density of either 1 curie/ft2 for annular areas or to I

1 curie/ft of circumference for ring sources.

Additional tests on the full-scale structure determined the effects of roof con-
tamination.

The data obtained in these tests series are summarized in Tables 2 through 17,
while Table 1 provides a brief description of each table,

% 'E
This source density produces a field of 487 r/hr at 3 ft above an infinite, B
smooth, uniformly-contaminated plane.?
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Figure 14. Detector Positions
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